Skin is constantly assaulted by external noxious stimuli for potential induction of mutations in interfollicular (epidermal) and follicular (hair follicle [HF]) epithelium. Recent reports using newly available deep sequencing techniques have shown that oncogenic mutations, previously identified as drivers of skin cancers, are found in normal aged skin (1, 2) . Yet these mutations appear to be tolerated, indeed expanded clonally, in skin without forming basal cell carcinomas (BCCs) or squamous cell carcinomas (SCCs), the most common types of skin cancers. How do skin and HF epithelial cells control for potentially deleterious mutations in known driver oncogenes to resist tumorigenesis? The issue is complex, because not all oncogenes are created equal. Oncogenicity may depend on many cooperative factors including the cell bearing the mutation, the type of mutation, dependence on mutations in other cooperative genes, external environment, etc. (3) (4) (5) . In this issue, Pineda et al. have sought to address this complex question using a unique twophoton live imaging technique in association with elegant animal models to track cell fate after induction of oncogenic genes (6) . Pineda et al. (6) focused on skin and HF epithelia-highly dynamic tissues that undergo regeneration throughout the life of the individual. Skin turnover is dependent on stem cells (SCs) within the innermost basal layer, which proliferate, differentiate, and migrate into upper layers to constantly replace dying cells. In contrast, the HF undergoes discrete cycles of regeneration in which the lower follicle regresses as a result of massive cell death, followed by regrowth fueled by a unique hair follicle stem cell (HFSC) population in the upper follicle. In contrast to interfollicular SCs that are frequently proliferating, HFSCs remain quiescent until each new regenerative phase. In earlier work, these authors (7) examined how constitutive Wnt activity, a known oncogenic signal, affects Krt19 + HFSCs or Lgr6 + upper HF and epidermal SCs. Wnt signaling in HFSCs is the impetus for HF regeneration and Lgr6 is an R-spondin receptor, so both HFSC and epidermal SC populations are typically primed for Wnt activity. Induction of constitutive Wnt activation during the first HF regression phase resulted in populations that initially expanded into aberrant growths and then, surprisingly, regressed back into normal tissue within the first hair cycle. Further examination within HFs showed that mutant cells were eradicated by surrounding WT epithelium. This was a first demonstration that normal skin can control potentially oncogenic cells through ablation.
To ask whether other oncogenes might have similar consequences, Pineda et al. turned to the well-established skin hyperproliferative mutation Hras G12V (6) . Hras is one of four Ras GTPases controlling diverse cellular processes, including proliferation, differentiation, and survival. Ras GTPases were among the first oncogenes discovered in human tumors and are generally considered drivers of tumorigenesis. Kras is found in as many as 25% tumors across a broad spectrum of tissues, whereas Hras is considered less oncogenic (3% of tumors) with mutations predominating in head and neck SCC (4, 5).
Pineda et al. induced Hras G12V expression in Krt19 + HFSCs during the first HF regression and followed the cells over time (6) . Surprisingly, the authors observed that although mutant cells proliferated more frequently than WT neighbors, they generally followed the cues of HF regeneration and regression over multiple hair cycles ( Fig. 1 A) . This was demonstrated in experiments where the dermal papilla, the HF dermal component essential for HF regeneration, was ablated. Loss of dermal papilla resulted in cessation of regeneration in WT HFs as expected, but also in mutant HFs, demonstrating that loss of critical regenerative cues could not be overcome by Hras mutations in HFSCs.
Pineda et al. additionally induced Hras G12V expression in the skin epithelium (6) . Hras mutant cells in the skin epidermis showed hyperproliferation and outcompeted their WT neighbors, like Hras G12Vexpressing HF cells. However, in contrast to HF mutant expressing cells, mutant Hras expression in the skin epidermis was followed within 3-5 mo by the development of malignant growths in all animals tested ( Fig. 1 A) . In other studies, the more potent Kras oncogene induced the formation of papillomas in both HFSCs and epidermal SCs within 2-4 mo (8, 9) , suggesting that the distinct oncogenic potentials of Hras and Kras provide the key to tumor formation. Li et al. (10) postulated that oncogenicity is dependent on an ideal level of active Ras expression within the cell. Kras and Hras can exhibit differences in transcription, posttranslational modifications, cell localization, etc., that may explain their different capacities for tumor promotion. The inability of Hras to promote tumors in HFSCs while Kras can drive tumorigenicity in both tissues may derive from such a threshold effect.
In another demonstration of how skin can subvert tumorigenesis, Ying et al. (11) showed that, upon the constitutive activation of the oncogenic PI3K/AKT pathway in the epidermis, skin SCs undergo differentiation and exit the pool of potentially tumorigenic cells, showing that epidermal SCs can exercise autologous control over a potentially tumorigenic fate. These combined studies indicate that mutagenesis of Wnt, Ras, and PI3K/AKT signaling pathways within HFs and epidermis are managed in very different ways and highlight the complexity of the mechanisms by which tissue homeostasis is maintained and aberrant growth is suppressed. In another example, aberrant SHH activity, a well-established oncogenic signal for BCC induction in skin, yielded strikingly different results depending on the oncogenic driver, the targeted cell, and its proliferative status (12) (13) (14) (15) . Initial studies using constitutive SmoM2 activity suggested that aberrant SHH signaling induced BCC only in epidermis (12) , whereas overexpression of Gli2 or loss of Ptch1, alternative SHH pathway members, revealed that both epidermis and HFSCs can undergo BCC formation (13) (14) (15) . A careful reexamination of the SmoM2 model might reveal ploys by which HFSCs limit tumor formation.
In final experiments, to push HFSCs to tumorigenesis, Pineda et al. induced oncogene expression in HrasG12V +/− ; Tgfbr1 −/− mice, known to promote tumorigenesis in other Ras oncogenic systems (6) . Rare SCCs (one tumor per animal) were observed in regions of scratching/grooming. However, targeted ablation of bulb cells in the HF resulted in wounding that did not lead to aberrant structures, suggesting that wound location might be an important factor. Recent work has shown that SCC tumor cells from HrasG12V;Tgfbr2 −/− mice exhibit significant transcriptome differences compared with either WT HFSCs or epidermis but strong similarity to HFSCs involved in wound healing (16, 17) . This new transcriptional activity, associated with a reduction in lineage restriction and termed "lineage infidelity," was lost in the wound as healing progressed but advanced in tumors, providing a partial explanation as to how wounding can sometimes lead to tumors (17) . In the experiments of Pineda et al., tumorigenesis in their HrasG12V +/− ; Tgfbr1 −/− model was infrequently induced by wounding and only if it was superficial (6) . This interesting result suggests that mutant HFSCs, like normal HFSCs, migrate into the skin wound and induce SCCs there (see Fig. 1 B) . Alternatively, how wounds heal is largely dependent on their local environment and in particular immune responses. Inflammatory responses to pathogen-driven (scratching) versus sterile (bulb ablation) wounding are distinct and have the potential to alter healing (18) . How this may impact subsequent tumorigenicity is unknown and of great future interest.
In conclusion, the recent work by the Greco laboratory provides important insights into tissue responses to oncogenes and how tumorigenicity can be subverted in normal tissues. Many questions remain. How do WT cells undertake the task to eliminate troublesome Wnt-active neighbors? How are Hras and Kras mutations so different that one is tolerated and the other highly tumorigenic? How is the niche involved and how is it different under these two oncogenic conditions? Finally, it will be of great interest to understand how lessons learned here can be applied in a clinical setting to subvert tumorigenesis.
